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Indoor and outdoor experiments demonstrated that allelopathy is an important factor explaining seed regeneration failures 
of Scots pine (Pinus silvestris L.) in forest floor vegetation dominated by the dwarf shrub Empetrum hermaphroditum Hagerup. 
Scanning electron micrograph views of the leaf surfaces of E. hermaphroditum reveal secretory glands that are shown to be 
involved in the release of water-soluble phytotoxic substances. Bioassays indicate that low doses and short exposure times 
of seeds to leachates have strong negative effects on germination and early root development. Activated carbon can eliminate 
the inhibitory effects of leachates and litter. This technique demonstrates the occurrence of allelopathic interference by 
E. hermaphroditum on seed germination of both Scots pine and aspen (Populus tremula L.). In a field experiment the 
allelopathic effects by E. hermaphroditum are strong during early spring when germination and growth initiate and ground 
ice still is present. Extracts passed through soils collected from an E. hermaphroditum site were detoxified, while those passed 
through sterilized soil were not. Therefore, microorganisms may detoxify the allelochemicals under some environmental 
conditions. 
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Des expériences conduites à l’extérieur et à l'intérieur ont démontré que |’allélopathie est un facteur important pour 
expliquer l’absence de régénération naturelle de pin sylvestre (Pinus silvestris L.) lorsque la végétation au sol est dominée 
par le petit arbuste Empetrum hermaphroditum Hagerup. L’ examen en microscopie électronique à balayage de la surface des 
feuilles d'E. hermaphroditum révèle la présence de glandes qui sécrétent des substances phytotoxiques solubles dans leau. 
Des dosages biologiques indiquent que les produits de lessivage, a faibles doses et pour de courtes périodes d’exposition, 
ont des effets négatifs marqués sur la germination des graines et le développement des jeunes racines. Le charbon activé peut 
éliminer les effets inhibiteurs des lessivats et de la litière. Cette technique met en évidence l’activité allélopathique néfaste 
d’E. hermaphroditum sur la germination des graines de pin sylvestre et de peuplier (Populus tremula L.). Dans une expérience 
au champ, l'activité allélopathique d’E. hermaphroditum est important tôt au printemps, lorsque la germination et la croissance 
débutent et que le sol est encore gelé. Des extraits passés a travers du sol prélevé sur un site où croît E. hermaphroditum 
furent détoxifiés, alors que des extraits passés à travers un sol stérilisé ne 1’étaient pas. Par conséquent, les microorganismes 
peuvent détoxifier les composés chimiques aux propriétés allélopathiques dans certaines conditions environnementales. 


Introduction 


Crowberry, Empetrum hermaphroditum Hagerup, is a late 
successional species in many boreal forest types of northern 
Sweden. It is a major component of the vegetation on nutrient- 
poor, acid mor humus soils at higher elevations (Haapasaari 
1988). According to statistics from the Swedish National 
Forest Survey, E. hermaphroditum is one of the most com- 
mon species over large areas of northern Sweden. Empetrum 
hermaphroditum is fire sensitive and has been favoured 
through forest-fire suppression during the last 100 years 
(Zackrisson 1977). Selective cutting prior to the 1950s opened 
the stands and favoured the expansion of E. hermaphroditum 
in many forest types. None of the subsequent forestry methods 
have caused a reduction of E. hermaphroditum dominance in 
the field layer, except prescribed burning. Soil scarification 
reduces E. hermaphroditum only locally and temporarily. 

Empetrum hermaphroditum dominated sites show severe 
regeneration problems after both selective felling and clear- 
cutting (Sarvas 1950; Ebeling 1978). In virgin pine stands 
with E. hermaphroditum dominance, natural seed regenera- 
tion is also a striking episodic phenomenon (Steijlen and 
Zackrisson 1987; O. Zackrisson, I. Steijlen, G. Hornberg, and 
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M.-C. Nilsson, to be published). Attempts to explain forest 
regeneration failures in these areas have mostly considered 
abiotic factors (Ebeling 1979). The traditional explanation for 
the observation that E. hermaphroditum can form mono- 
specific plant communities is the supposed ability of the 
species to compete strongly on nutrient-poor sites, presum- 
ably for limited resources such as nutrients, water, and light 
(Haapasaari 1988). 

The purpose of the present study was to test the hypothesis 
that an allelopathic effect of E. hermaphroditum is involved 
in the forest regeneration failures of boreal tree species found 
in northern Sweden. Allelopathy is one important factor reg- 
ulating seed regeneration in manipulated as well as in natural 
ecosystems (Rice 1984; Putnam and Tang 1986; Fisher 1987; 
Waller 1987; Richardson and Williamson 1988; Grace and 
Tilman 1990). In the boreal forest only a few studies have 
indicated possible allelopathic effects by ground vegetation 
on forest regeneration. The ericaceous dwarf shrub Kalmia 
angustifolia L. exhibits possible allelopathic effects on tree 
regeneration in Canada (Peterson 1965; Mallik 1987). Other 
species like Cladina stellaris (Brown and Mikola 1974; Fisher 
1979) and Calluna vulgaris (Handley 1963; Robinson 1972; 
Ballaster et al. 1982; Jalal and Read 1983) have also been 
reported to have a negative effect on early seedling growth 
of some boreal tree species. 
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This study focuses on the effects of allelochemicals by 
E. hermaphroditum on seed germination and early root devel- 
opment of Scots pine (Pinus silvestris L.) and aspen (Populus 
tremula L.). Special emphasis is given to the development of 
proper experimental techniques that might prove the existence 
of allelopathy, and many of the experiments are designed to 
resemble natural ecological processes. A series of laboratory, 
greenhouse, and field experiments examined (1) the inhibition 
potential of allelochemicals in leaves and litter of E. hermaph- 
roditum, (2) the natural release of allelochemicals, (3) the 
role of secretory leaf glands, (4) the accumulation of allelo- 
chemicals in humus, and (5) the detoxifying of allelo- 
chemicals by soil microorganisms. 


Materials and methods 


Bioassays of aqueous leaf extracts 

Green leaves of living E. hermaphroditum were collected (during 
late autumn) at Rovagern, a sparse Scots pine stand on sandy soil 
outside Umea (63°50’N, 20°15’E), for laboratory use in all bioassays. 
Scots pine seeds (half-sib plantage seed, Skaholma, 66°90’N) and 
aspen seeds from a natural stand at 65°30’N and 22°15’E were used 
in the bioassays if not otherwise mentioned. Aspen seeds are excellent 
for testing allelopathic effects in bioassays because of their extremely 
rapid and uniform germination. 

A standard water extraction procedure was used for all test material. 
The green leaves were air dried at 20°C for 3 weeks and stored in a 
deep freezer (—18°C) until the experiment started. Fifty grams of the 
dry leaves was soaked in 1000 mL of distilled water (5% solution) 
and continuously stirred at a low rate for 48 h, whereafter the solution 
was filtered through a filter paper (Munktell No. 3). The extract was 
clear and brown and has a characteristic smell. The osmotic poten- 
tial, measured using a vapor pressure osmometer (Wescor), was 
43 mmol/kg, and the pH of the freshly made extract was around 4.2. 
Before use, extracts were stored at —18°C, if necessary. 

A dilution series corresponding to 37.5 g (3.75%), 25 g (2.5%), 
and 12.5 g (1.25%) of leaves per 1000 mL distilled water was pre- 
pared from the original extract and used for seed germination tests of 
Scots pine and aspen. Two millilitres of each extract was added to 
50 mm diameter Petri dishes containing one sheet of filter paper 
(Munktell No. 3) and 50 seeds. Distilled water was used as a germi- 
nation control. Two grams of finely powdered proanalysis-activated 
carbon (Labasco) was added to 100 mL of the 5% water extract 
solution, and to 100 mL of distilled water as a control, as a means of 
selectively eliminating allelopathic interference in the seed germina- 
tion tests. After 12 h of stirring and subsequent filtration, the extract 
had lost its characteristic colour and smell. All treatments were rep- 
licated five times. The experiments were performed at 20°C and under 
20 h of illumination. The Petri dishes with Scots pine seeds were 
sealed with parafilm until the seeds began to germinate to prevent 
unnecessary evaporation. Germination was identified by the appear- 
ance of radicles for Scots pine and the separation of the cotyledons 
for aspen. Experiments were checked daily, and percent germination 
was recorded until there was no further germination. One millilitre 
of distilled water was added to each dish, as needed, to prevent 
desiccation. In pilot studies (not presented here) we found that the 
decisive water-soluble toxic substance released from Æ. hermaph- 
roditum will not disappear by evaporation. 

A bioassay with aspen seeds in extract autoclaved at 121—123°C 
for 20 min was also undertaken to investigate whether micro- 
organisms were involved in the inhibition of germination. 

The time required to dissolve sufficient leaf phytotoxin to inhibit 
aspen seed germination was studied by interrupting the standard 
water extract soaking procedure (5% solution) after 5 min, 30 min, 
1h, 3h, 6h, 12h, 24 h, 36 h, and 48 h. Then, bioassays with aspen 
seeds were performed in each solution. Seed germination, number of 
prostrate-growing seedlings, and root necrosis were recorded. 


Fifty grams of dry leaves was soaked on eight successive occasions 
in 1000 mL of distilled water to estimate the quantity of toxins pro- 
duced in dry green E. hermaphroditum leaves. Between each soaking 
period of 48 h, the leaves were air dried (20°C) and a seed germina- 
tion test with aspen (5 x 50 seeds) was performed in the obtained 
extracts. Distilled water served as a seed germination control for each 
test. Radicle elongation, number of prostrate-growing seedlings, and 
root necrosis were recorded for each bioassay. 

To examine the effects of short-term exposure to E. hermaphro- 
ditum leaves, 50 Scots pine seeds were placed in a fine-mesh nylon 
net and put in direct contact with E. hermaphroditum leaves for 
1 min, 15 min, and 12 h. The leaves had been prepared by incubating 
0.35 g (dry weight) of green E. hermaphroditum leaves in 5 mL of 
distilled water, under a filter paper, in 50 mm diameter Petri dishes 
for 24 h. After the exposure, seeds were transferred to new Petri 
dishes containing a filter paper and 2 mL of distilled water, and 
allowed to germinate. A set of seeds from the 12-h exposure was 
rinsed in a large volume of distilled water for 20 min before transfer- 
ring to the Petri dish. Distilled water served as a germination control. 
Five replicates of each treatment were set up. Seed germination was 
recorded. 

To test the toxicity of single E. hermaphroditum leaves, 0, 1, 2, 8, 
and 16 green, intact, dry leaves (1 leaf weighs 0.4 mg) were put in 
small wells (1 mL) on a cell culture plate (Dynatech Microelisa). 
Distilled water (0.1 mL) was added to each well, and the leaves were 
left to incubate at 20°C for 12 h. Thereafter, one Scots pine seed was 
placed in each well. The water level was adjusted with glass beads 
(diam. = 2 mm) so that the seeds were not immersed, but were in 
contact with approximately the same levels of solution in all treat- 
ments. Six culture plates and sixteen replicates of each leaf treatment 
per culture plate were used. 


Bioassays of leaf rinse 

Dense and homogenous E. hermaphroditum vegetation with an 
intact upper soil profile was collected (during late autumn) in seven 
plastic containers (60 x 40 cm) from an E. hermaphroditum domi- 
nated field site at Ledvattnet (350 m above sea level, 65°40’N and 
19°15’E) and stored outdoors until the experiment started in January. 
Bud dormancy was broken, and the flowering period and shoot growth 
initiated after the “plots” were acclimatized during 4 days of storage 
at 5°C and 16 days at 20°C. In each container half the field layer 
(30 x 40 cm) was removed. Fifty milimetre diameter Petri dishes were 
filled with 1.0 g of paper pulp (Schleicher & Schuell), and five of 
them were placed under the growing E. hermaphroditum vegetation 
in each large container. Five other dishes were placed as a control at 
the end of the container outside the E. hermaphroditum field layer. 
All containers were misted from above with an automatic greenhouse- 
misting system that allowed “raindrops” to pass through the foliage 
before being collected in the dishes. The misting regime was six 15-s 
periods per hour every other day. The positions of the containers were 
randomized daily. The greenhouse regime was 22°C with a 20-h 
photoperiod. The irrigation was turned off after 12 days to allow the 
dishes to dry out somewhat. On the 15th day, the misting was reini- 
tiated for 2 h, after which the dishes were removed from the con- 
tainers. Fifty aspen seeds were sown in each dish after the paper pulp 
was inverted into new Petri dishes, thereby preventing seeds from 
contacting organic material that had fallen from the E. hermaphro- 
ditum branches during misting. Seed germination and radicle elonga- 
tion were compared between the two treatments in order to show the 
release of inhibiting substances from living E. hermaphroditum 
foliage. Root length was measured on 20 randomly chosen seedlings 
per dish. At the end of the experiment the paper pulp in the dishes 
assigned to the foliage treatment was observed to have a slight 
yellow-brown colour and the characteristic smell of the water extracts 
of E. hermaphroditum. 


Bioassays of spring snow melt 

The inner circles of the lids of 22 plastic Petri dishes (diam. = 
50 mm) were removed, and the gaps were filled with 45 mm diameter 
fine-mesh nylon nets. In the dish bottom, 50 Scots pine seeds were 
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TABLE 1. Seed germination, amount of prostrate-growing seedlings, and root necrosis 
recorded on aspen exposed to different water extracts of Empetrum hermaphroditum 


No. of germinated seeds 


Treatment % prostrate % root 
time Mean Median Range seedlings necrosis 
5 min 47 6a 48 46-49 10.la 0.0a 
30 min 48.6a 48 47-50 12.0a 3.7b 
lh 47.8a 48 44-50 22.9b 13.5c 
3h 47.0a 47 44—49 69.7c 90.2d 
6h 47.8a 47 46-50 93.3d 100.0e 
12h 15.0b 15 5-23 86.8d 100.0 
24h 0.0c 0 0-0 — — 
36 h 0.0c 0 0-0 — — 
48 h 0.0c 0 0-0 — — 
Control 46.6a 47 40-50 4.2a 0.0a 


Note: Fifty grams of green leaves was soaked in 1000 mL of distilled water for different time periods. Control, 
distilled water. Mean values within a column followed by the same letter do not differ significantly according to 


Tukey’s multiple range test. n = 5. 


placed on top of a filter paper. In May at a field site at Ledvattnet, 
11 dishes were placed on the bottom of a small, approximately 50 mm 
deep, hollow in the ground, where foliage of E. hermaphroditum 
was in contact with stagnant water from melted snow. The remain- 
ing dishes were placed, as a control, in a plastic container con- 
taining about the same volume of melted snow. The dishes were 
left in the field for 48 h, after which they were placed in a climate 
chamber for germination at 20°C with 20 h of illumination. Water 
volume in the dishes was adjusted to about 2 mL by decanting, and 
the nylon net lids were replaced by the original plastic lids to avoid 
unnecessary evaporation. The filter papers in the dishes assigned 
to the E. hermaphroditum hollow treatment were observed to have 
a slight yellow-brown colour and the characteristic smell of 
E. hermaphroditum. 


Bioassay of leaf based gland frequency 

Leaves of E. hermaphroditum lacking and having a relatively large 
amount of surficial glands were ocularly chosen from plants growing 
in the greenhouse. Fifty leaves (3 to 5 mm in length) were placed in a 
Petri dish containing a filter paper and 2 mL of distilled water. After 
48 h an aspen seed (1 x 0.7 mm) was placed on top of each leaf. Five rep- 
licates were set up. Distilled water was used as a germination control. 


Scanning electron micrographs 

Fresh green leaves of E. hermaphroditum were fixed in 2.5% 
glutaraldehyde (pH = 7.2) in Eppendorf tubes for 18 h at 4°C. The 
glutaraldehyde was replaced, 2 x 15 min, with PBS solution (phos- 
phate natriumchloride) (pH = 7.2). A dehydration series including 50, 
70, 90, 95, and 99% ethanol was subsequently used. The alcohol was 
steamed off under high pressure at 38—40°C. The dry samples were 
then gilded before use in a scanning electron microscope. 


Bioassay of E. hermaphroditum litter, humus, and mineral soil 
Empetrum hermaphroditum vegetation plots were brought to the 
greenhouse in plastic containers (as described earlier). Half the con- 
tainer (30 x 40 cm) was used for each treatment: (1) the field layer 
and the humus layer of the soil (Ao—A) (classification see Rieger 
1983) were removed manually, exposing the leached mineral soil 
(A2), (2) only the field layer was removed, and 17.5 g of brown leaves 
was collected from the 2nd- and 3rd-year shoots of E. hermaph- 
roditum, air dried at 20°C, and spread on the undisturbed humus, (3) 
same as treatment 2 but 100 g of fine proanalysis-activated carbon 
(KeboGrave) was also spread on the soil surface. For this germination 
bioassay, the common boreal winter-dormant seed bank species 
Luzula pilosa (98% germination) was used. Fifteen plots with 
50 seeds and five replicates per treatment were used in total. All 


containers were misted from above, for 5 s, six times an hour, with 
an automatic greenhouse misting system. Seed germination was 
recorded when a radicle as long as the seed was obtained. 

In a second experiment, the effect of humus and litter on seed 
germination of Scots pine was investigated. Soil cores sampled from 
natural E. hermaphroditum vegetation were cut with a knife, and 2.0 g 
of different soil layers was transferred to Petri dishes (diam. = 50 mm) 
to yield the following treatments: (1) the upper humus layer (Ao) 
containing slightly decayed E. hermaphroditum litter, but cleaned of 
the more recent fallen surficial E. hermaphroditum litter, (2) 0.48 g 
of brown E. hermaphroditum leaves (Aoo), air dried at 20°C, added 
to the undisturbed humus layer (Ao), (3) the lower humus layer (Aj) 
sampled from 4.5 cm depth just above mineral soil, (4) a control of 
0.48 g of green leaves and three filter papers, and (5) a serous control 
of distilled water and three filter papers. All treatments were incubated 
in 4 mL of distilled water for 48 h before 50 seeds of Scots pine were 
placed on top of the surface. The dishes were sealed with parafilm, 
but opened daily to permit air exchange. Five replicates of each 
treatment were used. 


Detoxification of allelochemicals by microorganisms? 

The next experiment was designed to determine if a 5% E. her- 
maphroditum water extract loses its inhibitory ability after passing 
through natural humus or mineral soil. Blocks (7 cm depth) of humus 
(AoA) and the underlying leached layer (A2) were taken from the 
aforementioned E. hermaphroditum plots and separated before being 
transferred to respective 0.78 dm? plastic PVC tubes, sealed at the 
bottom. A corresponding soil volume of industrial quartz sand was 
used as a control in the experiment. In total, 15 PVC tubes were used. 
Empetrum hermaphroditum water extract (290 mL of 5%) was added, 
from the top, to each of the three PVC tube treatments. The tops were 
then sealed with parafilm. Once a day the free drainage (about 50 mL) 
was recirculated to the pots by means of a 10 mm plastic tube connec- 
ted to the bottom of each pot. The toxicity of the extract was tested, 
after 5 days, by transferring 5 x 2 mL of drainage solution from each 
treatment to 5 mm diameter Petri dishes. Fifty aspen seeds were added 
per dish. Distilled water served as a germination control. Five repli- 
cates were used. Further sampling was undertaken after 10 and 
13 days of exposure. The experiments were performed at room tem- 
perature (20°C). A final bioassay was made by sowing aspen seeds 
on top of the humus substrate to test whether any toxin remained in 
the soil after the treatments, Studies with sterilized and nonsterilized 
humus were later performed in a similar way to investigate the influ- 
ence of detoxification by microorganisms compared with simple 
filtration by the humus. The humus was sterilized in a microwave 
oven for 10 min. 
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TABLE 2. Seed germination, amount of prostrate-growing seedlings, and root necrosis 
recorded on aspen exposed to different water extracts of Empetrum hermaphroditum 


No. of germinated seeds 


Treatment % prostrated % root 
and soak No, Mean Median Range seedlings necrosis 
Empetrum i 

1 0.0* 0 0-0 — — 

2 0.0* 0 0-0 — — 

3 27.2* 29 18-33 95.6* 100.0* 

4 42.2 44 35-45 97.6* 100.0* 

5 48.0 49 44-50 89.6* 17.1* 

6 49.6 50 49-50 89.5* 76.6* 

7 49.8 50 49-50 50.6* 14.8* 

8 47.2 47 46-48 27.5* 0.0 
Control 

1 50.0 50 50-50 7.6 0.0 

2 50.0 50 50-50 7.6 0.0 

3 50.0 50 50-50 7.6 0.0 

4 49.8 50 49-50 10.4 0.4 

5 49.4 50 48-50 9.2 0.0 

6 50.0 50 50-50 4.4 0.0 

7 49.8 50 49-50 2.4 0.0 

8 49.0 50 49-50 0.4 0.0 


Norte: Fifty grams of green leaves was repetitively soaked in 1000 mL of distilled water. The water was changed 
between each 48-h soaking period. Germination controls (i.e., distilled water) were used parallel to each test of 


extracts. n = 5. 


*Significant {p < 0.05) compared with control treatments. 


TABLE 3. Effects on seed germination of Scots pine 

exposed for different times to 0.35 g of green Empetrum 

hermaphroditum leaves in a Petri dish containing 5 mL 
of distilled water 


No. of germinated seeds 


Treatment and 
time of exposure Mean +1 SE Median Range 


Empetrum 
1 min 29.8+0.6a 30 28-31 
15 min 14.242.5b 16 5-19 
12h 20.842.4¢ 18 16-29 
12 h + rinsing 24.0+3.2c 21 15-32 
Control 37.441.5d 38 33-41 


Nore: Mean values followed by the same letter do not differ significantly 
according to Tukey’s multiple range test. Control, distilled water. n = 5. 


Statistical analysis of data 

Data from the experiments were subjected to analysis of variance 
and Student’s t-test to test the effect of treatments. Tukey’s multiple 
“a posteriori” range test and the least significant difference (Sokal and 
Rohlf 1981) were used to determine differences between treatments. 
When the term significant differences is used it refers to p < 0.05. 


Results 


Effects by aqueous leaf extracts 

Water extracts from green E. hermaphroditum leaves had 
a strongly significant inhibitory effect on germination of 
Scots pine (Fig. 1) and aspen seeds (Fig. 2). At the highest 
concentrations almost no germination occurred for either 
species. At lower concentrations the extract permitted greater 
germination but still had a significantly negative impact on 
the germination. Activated carbon when present in the 5% 
extract gave a significant increase of germination for both 
species, when compared with the pure 5% extract. Germinated 


Scots pine and aspen seeds exposed to the lowest dosages 
appeared to exhibit reduced radicle elongation and damages 
on primary roots. Lack of fine-root hairs of aspen was also 
observed in all treatments except for the control and the 5% 
activated carbon treatment. The germination of Scots pine was 
observed to be less sensitive than aspen to the E. hermaph- 
roditum extract. 

The autoclaved 5% water extract of E. hermaphroditum did 
not significantly differ from the nonautoclaved extract in its 
inhibition of aspen seed germination (data not shown). 

An extraction time of 12 h was sufficient to dissolve ger- 
mination-inhibiting substances from 50 g of E. hermaphro- 
ditum leaves in 1000 mL of distilled water (Table 1). In 
extracts made at longer time periods, no aspen seeds ger- 
minated. Only 1 h was sufficient to produce a significantly 
higher number of prostrate-growing aspen seedlings compared 
with the control. Significant amounts of root necrosis were 
obtained when the leaves were soaked for 30 min. Root devel- 
opment is more sensitive than seed germination to the water 
extract of E. hermaphroditum. 

Extracts obtained by soaking 50 g of E. hermaphroditum 
leaves twice in distilled water (1000 mL + 1000 mL) con- 
tained sufficient inhibitors to totally inhibit seed germination 
of aspen (Table 2). By the fourth soaking of the leaves the 
percent germination of aspen was no longer significantly dif- 
ferent from that of the control. Even after the eighth soaking, 
a large number (27.5%) of the aspen seedlings showed pros- 
trate growth. The radicles showed a significant root necrosis 
relative to the controls after seven soakings. 

In the experiment where Scots pine seeds were exposed 
to green leaves of E. hermaphroditum for 1 min, 15 min, 
and 12 h, it was shown that an exposure time of | min 
significantly decreased the germination of seeds (Table 3). 
After 12 h exposure, rinsing the seeds with distilled water 
did not annul the negative effects. 
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TABLE 4. Seed germination and root length on aspen after 7 days, 

grown on filter pulp misted with water that passed through 

Empetrum hermaphroditum foliage and with water that did not 
pass through Empetrum hermaphroditum foliage (control) 


No. of 
germinated seeds 


Root length 
(mm) 


Treatment Container No. (mean Ł 1 SE) (mean + 1 SE) 

Empetrum 1 44.843.7 5.30.4 
2 42.44+3.1 4.9+0.3 
3 39.4£7.0 6.5+0.6 
4 48.0+0.8 5.7+0.3 
5 48.8+1.0 3.80.3 
6 30.2+8.0 5.1+0.4 
7 39.6£7.3 3,.2+0.2 

Control 1 49.8+0.2 10.8+0.5 
2 49.2+0.5 12.4+0.4 
3 49.2+0.4 11.8+0.4 
4 49.4+0.4 13.1+0.4 
5 49.2+0.4 11.9+0.4 
6 49.8+0,2 13.3+0.4 
7 49.8+0.2 11.5+40.4 


Note: Root length data were calculated from 20 seedlings per dish. n = 6. 


No.of germinated seeds 


=ł —ł -4 —ł 
0 5 10 15 20 25 30 
Days since start 


Fic. 1. Dose response curves showing the effect of Empetrum 
hermaphroditum water extracts (5% (@), 3.75% (©), 2.50% (A), 
1.25% (A), and 5% extract treated with activated carbon (_))) on seed 
germination of Scots pine. Control (W), distilled water. The vertical 
bars give the least significant difference among treatments, n = 5. 


The germination of Scots pine seeds was even significantly 
reduced by one single leaf of E. hermaphroditum when grown 
in small wells together with 0.1 mL of distilled water (Fig. 3). 
Sixteen leaves caused total inhibition of seed germination. 
Effects of leaf rinse 

Leachates from living foliage of E. hermaphroditum were 
significantly inhibitory to seed germination of aspen when 
collected in paper pulp in Petri dishes (Tables 4 and 5). The 


50 7 


No. of germinated seeds 
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Fic. 2. Dose response curves showing the effect of Empetrum 
hermaphroditum water extracts (5% (A), 3.75% (#), 2.50% (A), 
1.25% (@), and 5% extract treated with activated carbon (©)) on seed 
germination of aspen. Control (WW), distilled water and distilled water 
treated with activated carbon (O). The vertical bars give the least 
significant difference among treatments. n = 5. 


radicle elongation (calculated by 20 randomly chosen seed- 
lings per dish) was also significantly affected by the collected 
leachates. There was a significant interaction between treat- 
ment and container for the root length data, but much smaller 
than for effects by treatments. 


Effects of spring snow melt 

Scots pine seeds exposed to snow melt derived from 
E. hermaphroditum revealed a significantly lower germina- 
tion (57.8%) than seeds exposed to the control snow melt 
(81.8%) (Fig. 4). 


Bioassay based on leaf glands 

Germination of aspen seeds on leaves with a large 
number of surficial glands was significantly suppressed 
(17.0%) compared with seeds grown on top of leaves lack- 
ing surficial glands (98.4%), and with seeds grown on filter 
paper controls (Fig. 5). These results imply that secretory 
organs are involved in the release of allelochemicals by 
E. hermaphroditum. 


Scanning electron micrographs 

Surficial secretory structures (glands) are found on leaves 
of E. hermaphroditum and are shown in the micrographs 
(Figs. 6a and 6b). 


Influence of E. hermaphroditum litter, humus, and mineral 
soil 

When the grass L. pilosa was sown on top of an undisturbed 
soil profile containing E. hermaphroditum litter in vegetation 
plots in the greenhouse, a significant reduction of germinated 
seeds was evident (Table 6). Activated carbon treatment of 
the litter layer restored the seed germination potential of 
L. pilosa. No differences in seed germination by L. pilosa 
were evident from mineral soil and carbon-treated litter plots. 
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TABLE 5. Two-way analysis of variance table for seed 
germination and root length of aspen, grown on filter 
pulp misted with water that passed through Empetrum 
hermaphroditum foliage and with water that did not pass 
through Empetrum hermaphroditum (control) 


Sum of 
squares df  F-ratio p-value 
Seed germination 
Main effects 1 594.814 7 3.322 0.005 
Container 576.400 6 1.401 0.230 
Treatment 1 018.414 1 14.850 0.000 
Container x 
treatment 635.486 6 1.544 0.181 
Error 6 070.700 
Root length 
Main effects 
Container 720.718 6 7.483 0.000 
Treatment 17 578.838 1 1095.091 0.000 
Container x 
treatment 449.665 6 4.669 0.000 
Error 21 702.846 
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Fic. 3. Germination of Scots pine after 14 days of growth in the 
presence of 0, 1, 2, 8, or 16 leaves of Empetrum hermaphroditum on 
a cell culture plate in 0.1 mL of distilled water. Vertical bars indicate 
+1 SE. Means with the same letter do not differ significantly 
according to Tukey’s multiple range test. n = 6. 


When Scots pine seeds were sown on soil sampled from under 
E. hermaphroditum vegetation, germination decreased signif- 
icantly when litter was present (Table 6). Neither the Ap nor 
the A, layer of soil had any inhibitory effect on seed ger- 
mination of Scots pine. Inhibition was found only when 
undecomposed litter (Ago) was present, and when seeds were 
in direct contact with green leaves. 


Detoxification of allelochemicals by soil microorganisms? 
When the germination-inhibiting 5% water extract of 
E. hermaphroditum was circulated through humus in PVC 
tubes, it lost its inhibiting effect on aspen seed germination: 
mean germination of seeds at 5, 10, and 13 days was 71.6, 
99.6, and 99.2%, respectively. Mean number of seeds germi- 
nated at day 5 was significantly different from that germi- 
nated at days 10 and 13. But none of the 250 seeds 
germinated in the water extract passed through mineral soil 
or through industrial quartz sand. Seeds sown on top of the 
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Fic. 4. Seed germination of Scots pine after 48 h exposure to snow 
melt water derived from Empetrum hermaphroditum vegetation and 
to snow melt water not derived from Empetrum hermpahroditum 
vegetation (control) in a field experiment. Vertical bars indicate 
+1 SE. n=11. 


humus at the end of the experiment germinated at the level 
of distilled water control. When the humus was sterilized 
before the water extract was circulated through it, the detox- 
ifying effect was lost and no seeds germinated. 


Discussion 


The allelopathic potential of E. hermaphroditum is con- 
cluded to be high, because strong inhibitory effects on seed 
regeneration were found in the present study. A dose response 
series showed that even strongly diluted extracts of E. her- 
maphroditum will have a great impact on seed germination and 
early root development. Many seedlings lost the ability to 
develop “normally” as a result of reduced radicle elongation 
and root necrosis. Our results from the greenhouse, as well 
as from the field, confirm that leaves of E. hermaphroditum 
contain high concentrations of water-soluble germination 
inhibitors, and that they are easily released from the foliage 
and quickly absorbed by the seed. Rinsing of exposed seeds 
did not annul the negative effects of E. hermaphroditum, 
another result implying that the toxins are quickly absorbed 
by the seeds. Turner and Quaterman (1975) also found that 
most of the inhibiting effect of Petalostemon gattingeri water 
extract on seeds was not removed by washing exposed seeds. 
Isolation and characterization of germination inhibitors from 
leaves of E. hermaphroditum indicate that about 30% of the 
inhibitory activity is associated with 3-methoxy-5,3’-dihy- 
droxy-dehydrostilbene or batatasin II (B-II) (Odén et al. 
1992), a water soluble phytotoxin. 

Because the sterilized water extract has a strong inhibitory 
effect on seed germination, we conclude that inhibition is not 
due to toxins produced by microbial activity. The pH and the 
osmotic potential of the water extracts have no negative 
effects on seed germination of aspen (unpublished data) and 
are therefore not responsible for the obtained inhibition. 
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FIG. 5. Germination of aspen seeds when grown on leaves of Empetrum hermaphroditum with surficial glands present and leaves with 
surficial glands absent. Control, distilled water. The vertical bars give the least significant difference among treatments. n = 5. 


TABLE 6. Germination of Luzula pilosa after 22 days and Scots 
pine after 17 days when grown on different soil layers in 
Empetrum hermaphroditum vegetation plots 


No. of 
germinated seeds 


Species Treatment (mean + 1 SE) 
Luzula pilosa Control 49.0+0.2a 
Mineral soil(A2) 47.0+0.4a 
Humus (Ao—A)) + litter (Aoo) 11.6+1.1b 
Humus (Ao—A)) + litter (Ago) + 
carbon 46.6+0.5a 
Scots pine Control 46.2+0.8a 
Humus (Ao) 47.6+0.8a 
Humus (Ag) + litter (Aoo) 3.2+1.4b 
Humus (A:) 48.0+0.4a 
Green leaves 0.0+0.0c 


Note: Control, distilled water. Mean values followed by the same letter do not 
differ significantly according to Tukey’s multiple range test. n = 5. 


By adding pure (proanalysis) activated carbon in our exper- 
iments we have documented significantly higher seed germi- 
nation for the tested species. Higher mortality was also found 
among seeds grown in pure water extracts and among seeds 
grown in direct contact with litter not treated with activated 
carbon. The experiments indicate that these results are due to 
adsorption of inhibitory substances by the carbon. The tech- 
nique of using activated carbon as an experimental treatment 
to detoxify inhibitors produced by E. hermaphroditum gave 
us a tool to improve the allelopathy bioassay technique. There 
are no reasons for supposing that the carbon powder itself is 
a stimulatory factor in our experiment, since distilled water 
treated with carbon does not lead to any stimulation of seed 
germination. Eliasson (1959) also found that activated carbon 
did not give stimulation in growth experiments. 

Production and mode of action of the phytotoxins produced 
by E. hermaphroditum remain unknown. We did not investi- 
gate possible root exudates nor volatiles from leaves. Our 


bioassays suggest that the major allelochemicals are released 
from the living leaves. The bioassay with leaves with and 
without surficial glands shows that it is fully plausible that 
the allelochemicals are stored, even if not produced, by leaf 
glands and are secreted when leaves are in contact with dew, 
rain, and snow melt. The observation that leaves without 
glands suppress seed germination (but not as much as leaves 
with glands) could be explained by glands not visible exter- 
nally. This experiment was performed before we discovered 
glands on the “inside” of the double-folded leaves. As the 
released substances are very toxic, the species may store the 
toxin in these organs to protect other living tissues in the plant. 
Plants that contain allelopathic active secondary compounds 
often have them localized in trichomes (cf. Levin 1973; 
Theobald et al. 1979; Metcalfe 1983; Sterling and Putnam 
1987; Williamson et al. 1989). The presence of these organs 
in E. hermaphroditum is added evidence for allelopathy. 

Attempts to expose seeds to natural dosages of inhibitors 
released by foliage of E. hermaphroditum were made in this 
study. In the experiment using paper pulp under foliage of 
E. hermaphroditum, biologically active substances are shown 
to be released from the foliage of E. hermaphroditum and 
taken up by exposed seeds. Seed germination was inhibited, 
and primary root growth of aspen was reduced. In this exper- 
iment we revealed a significant interaction between. treat- 
ments and containers (only for the root length data), which 
can be explained by biological and bioassay technique 
reasons. Root growth is more sensitive than seed germination 
and therefore responds more strongly to.small variations in 
toxin concentrations. The amount of toxins released from 
leaves on different branches may have varied, as we have seen 
that there are leaves with different numbers of glands. “Drip 
points” from leaves may also have varied in the Petri dishes, 
causing different dosages of toxins. However, the effects of 
treatments were far greater than this interaction. 

The decreased germination of pine seeds exposed to snow 
melt water in connection with E. hermaphroditum vegetation 
is of particular interest, as very few studies have shown 
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Fic. 6. (a) Surficial glands on a Empetrum hermaphroditum leaf. 
(b) A single gland found on the under side of a leaf. 


allelopathic effects under field conditions. High toxin dosages 
leached by E. hermaphroditum are shown to occur during the 
period when ground ice is present in forest soils. Ground ice 
can last until the beginning of June in this area, preventing 
snow melt water and rain from draining into the ground. 
Natural soaking of the leaves of E. hermaphroditum is in- 
creased under that situation. The observed inhibition of Scots 
pine seeds placed in this environment is concluded to be due 
to the presence of E. hermaphroditum. The results are signif- 
icant, particularly so, as the exposure lasted only 48 h and the 
pine seeds did not show any signs of germination (swelling, 


plumules, etc.) after the exposure. Jt has been emphasized by 
several investigators (Horsley 1976; Harris and Kimber 1983; 
Putnam and Tang 1986; Dao 1987; Fisher 1987) that potential 
toxins must pass through the soil filter, be retained in the root 
zone in a dose-effective concentration, and be absorbed by a 
receiver plant to have allelopathic effects. As this experiment 
showed that allelochemicals exposed to soil did not degrade 
to a nontoxic level, we found strong evidence of allelopathy. 
These results are comparable to those findings made by Fisher 
(1978), who found that juglone was not metabolized by micro- 
organisms in wet anaerobic soils and therefore was able to 
reach concentrations high enough to inhibit the growth of red 
pine (Pinus resinosa Ait.). 

Snow melt arises at a crucial time when most pine seeds 
are spread (May and June) and could be of decisive impor- 
tance to germination and seedling establishment of Scots pine 
in natural stands. Our results imply that the natural toxin 
concentration produced by E. hermaphroditum at certain 
times and under certain environmental conditions could be 
rather high and available for uptake of receiver plants. There 
are also other observations that allelopathy tends to occur at 
seasonal or irregular intervals (Harris and Kimber 1983; Cast 
et al. 1990; Lodhi 1975; Turner and Quaterman 1975; Lodhi 
1976, 1978; Carballeira and Cuervo 1980). 

Our experiments with seeds exposed to different decom- 
posed soil layers (Ag—A)) collected from E. hermaphroditum 
vegetation sites showed that leached inhibitors are not 
retained by the soil during indoor conditions. One explanation 
could be high activity of the soil samples collected during the 
fall or high bioactivity of the soil samples stored at room 
temperature before use. Harris and Kimber (1983) state that 
accumulation of toxins to a dosage level that affects plant 
growth will occur only when the soil microflora is relatively 
inactive or when the rate of toxin infiltration is unusually 
great. Phenolic acids are depleted rapidly from soil due to 
microbial utilization of the compounds under favourable envi- 
ronmental conditions in laboratory studies (Blum et al. 1987; 
Blum and Shafer 1988). Under favourable indoor conditions 
it is plausible that the bioactivity in the decomposed humus 
prevents toxic levels to be reached. This conclusion is sup- 
ported by the results from the experiment of microbial activity 
in the humus layer. When the water extract was circulated 
through humus collected from an E. hermaphroditum site, a 
time-dependent decay of seed germination inhibitors was evi- 
dent in the extract. This effect is due to an active degradation 
by soil microorganisms, as sterilized humus did not detoxify 
the extract. The detoxifying effect of humus cannot be 
explained by absorption to soil colloids (cf. Chou 1986; Fisher 
1987; Dao 1987), as aspen seeds placed on the humus at the 
end of the experiment germinated to the level of the distilled 
water control. As we used soils from an E. hermaphroditum 
site in our experiments, a specialist microorganism could have 
evolved to use the toxin produced by E. hermaphroditum. 
Schmidt (1988) shows that under field conditions bacteria 
rapidly degrade juglone, using the substance as their sole 
source of carbon and energy, an indication of strong adaption 
to these toxic compounds. 

Litter is also expected to have inhibitory effects on seed 
germination, as large amounts of undecomposed litter are 
found on the topsoil (Ago) in natural E. hermaphroditum veg- 
etation. Presence of litter in the indoor bioassays also showed 
inhibitory effects on seeds. The experimental designs do not 
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permit conclusions about toxic substances produced by soil 
microorganisms connected to litter. We interpret this negative 
influence of E. hermaphroditum litter on seed germination as 
allelopathic because it seems reasonable that at least newly 
fallen litter contains some level of toxins before they are 
attracted by soil microorganisms. 

It is, however, not yet understood what mechanisms allow 
E. hermaphroditum to withstand its own toxins in a natural 
habitat. Successful establishment of seedlings in undisturbed 
vegetation is rare, but E. hermaphroditum spreads vegeta- 
tively. A complex dormancy mechanism in the seed (Van Essen 
Densmore 1979) may help avoid autotoxicity. One mecha- 
nism for minimizing autotoxicity is the production of a root 
system well below the soil surface (Williamson 1990), but 
E. hermaphroditum has very surficial rhizomes. Some plants 
may be capable of detoxifying an allelochemical that is 
absorbed (Fisher 1987). Some mycorrhizal fungi may 
detoxify allelochemicals (St. John and Coleman 1983; Perry 
and Choucette 1987). 

Allelopathy seems to play an important role in the post-fire 
successions taking place at many sites. Empetrum hermaph- 
roditum vegetation burns easily (Vakurov 1975), probably 
better than any of the boreal nano lignosis and is easily killed 
even by low-intensity fires, due to its surficial rhizomes. Post- 
fire sprouting is rare. Combustion of the litter and above- 
ground biomass of E. hermaphroditum reduces the potential 
to inhibit the establishment of trees and other plants after a 
fire. Fire also creates charcoal, which acts as activated carbon 
reducing the allelopathic potential of the remaining litter and 
humus. Early post-fire successions on previous E. hermaph- 
roditum sites are often surprisingly rich in species. We 
postulate that this is partly an effect of the reduced allelo- 
pathic inhibition by E. hermaphroditum. In any ecosystem 
where fire is a common element, one of its functions could 
be the destruction or deactivation of allelochemicals (Fisher 
1987). Allelopathy is likely a problem in forest seedbeds and 
is one reason for the occasional superiority of fire as a site 
preparation method. 
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